Background: Measurement error in self-reported sugars intake may be obscuring the association between sugars and cancer risk in nutritional epidemiologic studies.
Introduction
The associations between sugars consumption and cancer have long been studied yet are difficult to demonstrate in an epidemiologic context (1) (2) (3) . One of the major limitations in nutritional epidemiologic analyses is unreliability of self-reported dietary data, which can lead to severely distorted disease association estimates and reduced statistical power to detect an association (4) .
Food frequency questionnaires (FFQ) are the most widely used dietary assessment instruments in population studies, despite known large measurement errors both random and systematic (5, 6) . Other self-reports such as 24-hour dietary recalls (24HRs; ref. 7) and food records (FR; ref. 8) , although generally considered to have better measurement error properties than FFQs, they too are affected by random and systematic measurement errors (7, 9, 10) . These findings have prompted researchers to incorporate reference dietary biomarkers as objective measures of intake in subsamples of their cohorts to assess and correct for measurement errors in self-reported intake. So far, 4 classes of biomarkers have been described (11) . Recovery biomarkers are based on a known recovered proportion of intake over certain period of time. Following transformation, recovery biomarkers adhere to a classical measurement error model and generate unbiased estimates of intakes (12) , which can be used to assess measurement errors in self-report instruments (7, 10) or to develop calibration equations for calibrating (i.e., correcting) self-reported intake to be applied in dietdisease risk models of association studies (13) . Concentration biomarkers provide correlate rather than a direct measure of intake (14) , yet when combined with selfreported intake were shown to improve reliability of risk estimates and to increase the statistical power to detect an association (15) . Replacement biomarkers replace estimates of intake for nutrients or compounds difficult to measure or with no food composition data available and depending on their innate characteristics may be used as recovery (e.g., 24-hour urinary sodium) or more commonly as concentration biomarkers (e.g., serum phytoestrogens). Predictive biomarkers, the most recently described class of biomarkers, predict intake after being calibrated to account for certain level of bias, estimable from a feeding study and assumed to be stable across populations (16) . Following calibration, similar to recovery biomarkers, they, too, can be used as reference instruments.
Recently, on the basis of findings from 2 controlled feeding studies, 24-hour urinary sucrose plus fructose was suggested as a predictive biomarker for total sugars intake (17) . Although predictive biomarkers exhibit more complex relationship with true intake than recovery biomarkers, this relationship is assumed stable, thereby distinguishing predictive biomarkers from less specific concentration biomarkers (16) . On the basis of a novel measurement error model for predictive biomarkers (16) , the sugars biomarker was calibrated for use as a reference instrument in biomarker studies of dietary measurement errors or disease association cohort studies having available 24-hour urine collections in a subsample of participants.
The Nutrition and Physical Activity Assessment Study (NPAAS) is a biomarker study involving a subset of 450 participants in the Women's Health Initiative (WHI) Observational Study. Prentice and colleagues (10) compared FFQ, 24HRs, and 4DFR energy and protein intake in NPAAS against respective recovery biomarkers, doubly labeled water (DLW), and 24-h urinary nitrogen. We now compare estimates of total sugars intake from these 3 selfreport instruments against the 24-hour urinary sugars biomarker. After calibrating the biomarker, we use it as a reference measure to evaluate the measurement error structure of self-reported sugars and to estimate attenuation factors and correlations with true intake, 2 important parameters that determine how well each instrument will be able to detect and estimate disease risks associated with total sugars intake. We also develop calibration equations that predict total sugars intake, based on the objective predictive sugars biomarker given self-report and other covariates that could be applied in future WHI association studies for more reliable disease risk estimation.
Materials and Methods

Participants
The NPAAS is an ancillary study to the WHI Observational Study, a prospective study of 93,676 postmenopausal women ages 50 to 79 years, enrolled during 1994-1998 at 40 U.S. clinical centers (18, 19) . Between 2007 and 2009, 450 participants ages 60 to 91 years at the time of the NPAAS were recruited from 9 WHI centers. The NPAAS design has been previously described in detail (10) . To ensure adequate statistical power to assess the effect of racial/ ethnic groups, body mass index (BMI), and age, recruitment was conducted to oversample African-American and Hispanic women, women with BMI < 18.5 and !30 kg/m 2 , and those who were 50 to 59 years at WHI enrollment, respectively. Among women who were screened, 20.6% were eligible and willing to participate. The study was approved by the Institutional Review Boards of all participating institutions.
Study design
Participants visited local WHI centers twice. At visit 1, they provided informed consent, had their body weight and height measured, and completed the FFQ and the WHI Personal Habit Questionnaire (PHQ) assessing participants' recreational physical activity (20) . Information on participants' demographic characteristics was available from the WHI database. During visit 1, participants received training on how to keep a 4DFR and started the 2-week DLW protocol for measurement of energy expenditure, which was concluded at visit 2 (10). In the 2 weeks between visits 1 and 2, participants completed the 4DFR and collected 24-hour urine on the day before visit 2. Three 24HRs were administered following visit 2. Approximately 20% of the NPAAS participants (n ¼ 88) completed the "reliability study," which involved repeating the whole study protocol 6 months after the baseline study.
Dietary assessment
Participants' diet over the previous 3 months was assessed at NPAAS baseline using the WHI self-administered semiquantitative FFQ (21) , designed to assess diet in a multiethnic and geographically diverse population, and inquired about 122 foods or food groups, including 19 adjustment questions and 4 summary questions. The FFQs were reviewed by study staff, checking for missing responses in the presence of the participants. As part of the 4DFR training, participants viewed 25-minute instructional video and received instructions along with a serving size booklet containing photographs and measuring devices. They completed the 4DFR between visits 1 and 2 over 4 alternate days, including 1 weekend day. Upon return, the 4DFR was reviewed in the presence of participants. For the 3 24HRs, the first was administered 1 to 3 weeks after visit 2 and the other 2 approximately monthly thereafter by a certified interviewer over the phone (70% weekday and 30% weekend) with computer-assisted data entry using the NDSR software (Nutrition Data System for Research; Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN) based on the USDA multipass method (22) . The NDSR version 2005 was used to calculate total sugars intake (g/d), a sum of sucrose, fructose, glucose, lactose, galactose, and maltose, and total sugars density (g/1,000 kcal) for the 3 instruments. On the basis of information provided on the 4DFR, we calculated percentage meals eaten at home.
Urinary sugars biomarkers
The day before visit 2, participants collected a 24-hour urine sample. They were asked to record any missed voids or spillage during the collection. To assess urine completeness, participants took three 80-mg tablets of paraaminobenzoic acid (PABA) on the day of urine collection, one with each meal (23) . In this article, we analyzed 384 participants from the primary and 78 from the reliability study, who provided urine samples, had <2 missed voids or <240 mL of missed/spilled urine, and had sufficient specimen available for laboratory analysis, without excluding urine samples based on PABA (see Supplementary Material for results with PABA exclusions).
Sucrose and fructose in urine were quantified by a colorimetric enzymatic assay (sucrose/D-glucose/D-Fructose; Boehringer Mannheim, R-Biopharm, Roche), modified to be run on a microplate reader in 96-well plates. Samples were run in duplicate, and glucose, sucrose, and fructose standards (5, 10, 20, 30, 50 , and 100 mg/L) and quality control urine samples were included in each run. When percentage of coefficient of variance (CV) for duplicate samples was >15%, samples were re-analyzed. When applicable, urine samples were diluted and re-analyzed to obtain values within the range of the calibration curve. The level of detection (LOD) was 1 mg/L. The intra-and interassay CV for the method were <18% and <25% for concentrations <5 mg/L and <10% and <20% for concentrations !5 mg/L, respectively, for both sucrose and fructose. Urinary excretion of sucrose and fructose (mg/d) was calculated on the basis of 24-hour urine volume (mL/d). Nearly 139 sucrose and 7 fructose values were below LOD, in which case a value of 0.5 mg/L was imputed.
Biomarker for energy intake
We used total energy expenditure, assessed by DLW as previously described (10) . It has been shown that in weight-stable individuals, 2 weeks of total energy consumption can be objectively estimated by this approach (24, 25) . Approximately 6.5% of the samples was excluded from the analysis; half due to low tracer enrichments or lack of equilibration, whereas the others due to dilution space or other external reproducibility issues. DLW-based estimates of energy expenditure (kcal/d) were used to express the biomarker-based total sugars density (g/1,000 kcal).
Statistical methods
Calibration of the urinary sugars biomarker. We used the calibration equation for the total sugars biomarker developed by Tasevska and colleagues (16) , based on data from a UK-based 30-day feeding study with 13 subjects ages 23 to 66 years, consuming their usual diets and collecting 24-hour urines for 30 days under highly controlled conditions (17) .
where (M ij ) is log-transformed sugars biomarker, S i is an indicator variable that equals 0 for men and 1 for women, and A i is log-transformed age. The calibrated biomarker M Ã ij satisfies the following measurement errors model
where T i is log-transformed true usual intake of total sugars, u Mi is a person-specific bias (random-effect) having mean zero and variance s 
In our analysis, we used the value k ¼ 0:218, estimated from the feeding study (16) . Measurement errors model for self-reported sugars intake. The measurement errors model for selfreported sugars intake has been described in detail (16) . Briefly, for individual i, let Q ij , F ij , and R ij denote log-transformed reported intake on the j th application of the FFQ, 4DFR, and 24HR, respectively. Let X Qi , X Fi , and X Ri be vectors of covariates that affect the relationship between reported and true usual intake T i . The measurement errors model is:
where M Ã ij is the calibrated biomarker described in the previous section; u Qi 
The main assumption is that the person-specific biases of the FFQ, 4DFR, and 24HR (u Qi , u Fi , u Ri ), although possibly correlated with each other, are independent of the person-specific bias of the biomarker (u Mi ). The parameters in model (4) were estimated using maximum likelihood. Log age and log BMI were included as components of the covariate vector X Qi ¼ X Fi ¼ X Ri , as it is believed these variables may affect the relationship between self-report and true intake (26) .
The estimated parameters in the measurement errors model can be used to estimate 2 characteristics that are important for evaluating the effect of measurement error Tasevska et al.
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Cancer Epidemiology, Biomarkers & Preventionin self-reported intake on the estimation of diet-disease associations; the attenuation factor (AF) is the multiplicative bias in the estimated association due to using selfreported rather than true intake, whereas the Pearson correlation coefficient (CC) between self-reported and true intake is related to the loss of power to detect the association due to measurement errors. Formulas for calculating attenuation factor and correlation coefficient are given in the study by Tasevska and colleagues (16) . We also developed calibration equations for predicting true intake by regressing M Ã ij on Q ij , F ij , or R ij , and other covariates that may be related to self-reported sugars and/or true intake. Potential covariates included age, BMI, physical activity (metabolic equivalents/wk), smoking status, dietary supplement use, race, education, annual income, and percentage of meals eaten at home. The latter covariate was considered because low percentage of meals eaten at home was associated with energy underreporting in NPAAS (27) . Metabolic equivalents values for physical activity reported on the PHQ were generated as previously described (28) . The calibration model included log age and log BMI. Backward selection (P ¼ 0.1) was used to select other covariates that were significant predictors of log true intake. We reported R 2 adjusted for within-subject error in the biomarker, using repeated biomarker measurements from the reliability study (n ¼ 88). We also reported unadjusted R 2 because of the possibility of correlated measurement errors for the biomarker collected 6 months apart.
We performed sensitivity analyses to examine the effects of excluding incomplete 24-hour urine collections based on PABA (Supplementary Material Section A) and of calibrating the biomarker using a measurement errors model that did not include age (Supplementary Material Section B). Table 1 reports baseline characteristics for the participants. Geometric means and 95% confidence intervals (CI) for self-reported and biomarker-based total sugars intake (g/d) and total sugars density (g/1,000 kcal) are presented in Table 2 . Compared with biomarker-based estimates, self-reported total sugars appeared considerably misreported on all 3 instruments (Figs. 1-3) , with geometric means approximately half those of the biomarker. The underreporting of total sugars density was less striking, with the ratio of self-reported to biomarker-based means ranging from 0.6 to 0.7. Geometric means of daily sucrose and fructose urinary excretion were 10.7 and 20.0 mg/d in the primary and 12.5 and 22.3 mg/d in the reliability study, respectively. Sugars excretion, particularly sucrose excretion, was highly variable between participants, with almost a third of participants having urinary sucrose concentration below LOD.
Results
Measurement error model parameters for the FFQ, 4DFR, and 24HR are reported in Table 3 . For total sugars (g/d), the slope in the regression of reported on true intake (b Q1 , b F1 , or b R1 ) was approximately 0.2 for all instruments. This slope measures the extent to which bias in selfreport is related to true intake: b Q1 ¼ 1 indicates no intakerelated bias, whereas b Q1 < 1 indicates the extent to which participants tend to underreport high and overreport low intakes (a "flattened slope phenomenon"). A value of 0.2 denotes large intake-related bias. Energy adjustment using total sugars density did not improve the intakerelated bias for any of the instruments. The variance of the person-specific bias in total sugars intake was much larger for FFQ (0.15) than for 4DFR (0.07) or 24HR (0.07). Energy adjustment led to smaller personspecific biases for all instruments (0.04-0.06). Person-specific biases in both 4DFR and 24HR were highly correlated with person-specific bias in FFQ [$0.6 for total sugars and 0.70 (24HR) and 0.84 (4DFR) for density]. The variance of within-person error in 24HR was 3 times as large as that in FFQ or 4DFR and remained the greatest after energy adjustment. The attenuation factor measures the level of attenuation (underestimation) of disease risk due to measurement errors in self-reported intake; AF ¼ 1 indicates no Collected in the reliability study.
c Calibrated using the measurement error parameters generated from the feeding study (17) . Energy intake estimated by DLW measurement of total energy expenditure.
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Log biomarker-based total sugars intake 4.00 (Table 4) ; increasing the number of 24HRs increased the attenuation factor (two 24HR ¼ 0.29; three 24HR ¼ 0.34). The attenuation factor for 4DFR (0.33) was similar to the average of three 24HRs, whereas the attenuation factor for FFQ (0.22) was similar to one 24HR. Energy adjustment improved attenuation factors for FFQ (0.48) and three 24HR (0.57) but not 4DFR (0.32). Results for correlation coefficients were qualitatively similar to those observed for attenuation factors (Table 4) .
Calibration equations to predict biomarker-based "true" sugars intake given self-reported intake and other covariates are presented in Table 5 . For total sugars (g/d), selfreported intake alone explained little of the variation in "true" intake (adjusted R 2 ¼ 5%-6%), and none of the other covariates was a strong predictor; among investigated covariates, only smoking status, education, and physical activity were retained (adjusted R 2 ¼ 16%-18%). Using total sugars density modestly increased the percentage of variation explained by 24HR (18% vs. 6%) and FFQ (10% vs. 5%) but not 4DFR (7% vs. 6%). The final sugars density model explained 29% to 40% of variation in "true" intake, leaving a considerable portion unexplained. R 2 unadjusted for within-subject error in the biomarker had markedly lower values than adjusted R 2 across all instruments. Excluding incomplete urines based on PABA had only modest effect on the biomarker-predicted intake estimates and measurement error parameters, attenuation factors, correlation coefficients, and regression coefficients for self-reported intakes (Supplementary Tables S1-S4). Omitting age from the measurement error model for the biomarker had a dramatic effect on the geometric means of the biomarker-predicted intake (making them considerably smaller and closer to the self-reported means; Supplementary Table S5 ), but little effect on other findings (Supplementary Tables S6-S8 ). Yet, geometric means measure intake on a group level only and give no indication of an instrument's ability to measure individual's intake, which is of interest in a cohort study.
Discussion
Using the urinary sugars biomarker to predict "true" intake of total sugars in these postmenopausal women, we found self-reported sugars to be substantially and roughly Table 3 . Measurement error structure for log total sugars intake and log total sugars density assessed by FFQ, 24HR, and 4DFR among NPAAS (2007-2009) participants (primary study, n ¼ 450; reliability study, n ¼ 88) NOTE: All the parameters were estimated using FFQ-, 24HR-, and 4DFR measurement errors models adjusted for BMI and age and biomarker measurement errors model adjusted for age. a SE (all values in parentheses).
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1.00 2.00 3.00 Log 3-d avg. 24HR-based total sugars intake 4.00 5.00 6.00 r = 0.14 (95% Cl, 0.03-0.24) Figure 3 . Association between log biomarker-based and log 3-d average 24HR-based total sugars intake among NPAAS participants. equally misreported across the FFQ, 4DFR, and 24HR. This is the first study to assess measurement error properties and measurement errors-associated disease risk attenuation for food records with regard to sugars using a biomarker. Investigation of instruments' measurement error structure revealed considerable level of intake-related and person-specific biases, as well as within-subject error for all 3 instruments. Person-specific bias in 24HR and 4DFR was strongly correlated with bias in the FFQ. We found that sugars density measured by three 24HRs would result in the least attenuation of the association of sugars with disease risk, followed by FFQ and lastly by 4DFR. In this analysis, self-reported sugars and participants' personal characteristics recovered only some of the variation in "true" intake.
In this population, we observed large intake-related bias, comparable in magnitude across the 3 instruments. Interestingly, the bias did not improve with energy adjustment (even becoming greater) for the 4DFR, implying that other macronutrients may be larger contributors to intakerelated bias in energy relative to sugars. The FFQ had almost double the person-specific bias compared with 4DFR and 24HR, which improved with energy adjustment. Another study of similar design using the sugars biomarker to investigate misreporting on FFQ and 24HR (16) reported similar levels of person-specific bias in females. Furthermore, similar to the OPEN study, we found the person-specific bias in 24HR strongly correlated with the bias in FFQ. The same was apparent for 4DFR, suggesting that the use of 24HR and 4DFR as reference instruments for FFQ-based total sugars may provide a very incomplete measurement error correction procedure. Whereas the intake-related bias, which was considerable in all 3 instruments, may ultimately cause inflation of the risk estimate through creating the flattened slope phenomenon (29) , the person-specific bias and withinperson random error have an opposing effect, causing risk attenuation (30) . The fact that the AFs < 1 across all selfreports for both absolute and energy-adjusted sugars intake indicates that the person-specific bias and within-person random error overrode the effect of intakerelated bias, causing underestimation of true effect in a disease model with self-reported sugars. The attenuation factor for three 24HRs was most favorable and much improved with energy adjustment (AF ¼ 0.57), followed by the FFQ (AF ¼ 0.48). In contrast, the attenuation factor for 4DFR became less favorable with energy adjustment (AF ¼ 0.32), suggesting that errors in 4DFR-based sugars were independent from errors in the energy estimate. On the basis of the attenuation factors, in an association study using self-reports, a true RR ¼ 2 for a given change in energy-adjusted intake will be observed as 2 0.57 ¼ 1.5 for three 24HR, 2 0.48 ¼ 1.4 for an FFQ, and 2 0.32 ¼ 1.2 for 4DFR. In comparison to NPAAS women, OPEN women had lower attenuation factors (0.33 for FFQ and 0.35 for two 24HRs for sugars density).
Using calibration equations, self-report instruments explained very little variation in "true" sugars intake. BMI, age, and ethnicity have been identified as sources of systematic bias in dietary self-reporting, and their incorporation in equations may provide certain measurement errors adjustment and "strengthen the signal" (9, 10) . None of the covariates we investigated was a particularly important predictor of "true" sugars intake. Our final models explained a total of 16% to 18% of "true" absolute sugars and 29% to 40% of "true" sugars density variability, lower than observed for energy, protein, and protein density in an earlier analysis of NPAAS (10) . Being a smoker was associated with lower sugars consumption, whereas lower education with higher consumption, consistent with the latest reports on added sugars intake in the United States (31, 32) . Although BMI would be expected to be a significant determinant of sugars intake and associated with sugars misreporting (33), we did not find BMI to improve predictability of the calibration equation. In the original (17) and a later feeding study (34) , BMI showed no effect on the performance of the biomarker, that is, BMI was not a predictor (17) or an effect modifier (34) in the Table 4 . Attenuation factors for self-reported intake and correlation coefficients between self-reported and true intakes for log total sugars and log total sugars density among NPAAS (2007-2009) participants (primary study, n ¼ 450; reliability study, n ¼ 88) association between the sugars biomarker and known intake. In contrast, a recent feeding study found gender and percentage body fat to be significant predictors in the regression of the sugars biomarker to known dietary sugars intake, in a study design originally developed to investigate the effect of high versus low glycemic load (GL) diets (35) . Participants were fed 2 constant isocaloric diets, which were identical in macronutrient composition (% energy) and only differed by glycemic load and fiber content. Given all participants received the same diets adjusted to fit each participant's energy requirement, it may have been that gender and percentage body fat, being major determinants of energy requirement, were significant predictors of urinary sugars in this study (35) . Almost a third of our participants had urinary sucrose concentration below the LOD, similarly to what was found in the OPEN study (16) . Sucrose is not a dominant sweetener in the U.S. diet, and it can be expected that urinary sucrose excretion will be low in this population.
Given the high burden of the study and the stratified recruitment algorithm that provided the intended enrollment for age, race, and BMI ranges, the response rate of 20.6% was judged to be adequate. Moreover, the intake estimates for energy, protein, and protein density, calculated by calibration equations generated in the Nutrient Biomarker Study (NBS), an earlier WHI biomarker study with a response rate almost double the rate in NPAAS, were highly correlated (r ¼ 0.95-0.96), indicating good transferability of the calibration equations (9, 10) . A potential limitation of this analysis is that our women were !60 years of age, whereas the study used to derive the sugars biomarker included subjects ages 23 to 66 years (17) . Yet, excluding age from the calibrated biomarker did not appreciably change any of the findings. We acknowledge that the calibrated sugars biomarker was derived from a feeding study of a limited sample size (17). The biomarker contains certain level of bias, possibly arising from person-specific differences in absorption, gastrointestinal mucosal integrity, hepatic metabolism, or renal excretion of these 2 nutrients, determined by genetic factors, physiologic or medical conditions, and those may differ between different populations. Hence, more well- Table 5 . Regression calibration equations from regression of log-calibrated biomarker on log total sugars intake and log total sugars density assessed by FFQ, 4DFR, and three 24HRs among NPAAS (2007-2009) participants (primary study, n ¼ 384; reliability study, n ¼ 78) NOTE: Calibrated using the measurement error parameters generated from the feeding study (17) . Regression calibration models automatically included self-reported intake, log age, and log BMI as covariates: additional covariates were chosen by backward selection (P ¼ 0.1) from the following covariates: square root physical activity (METs/wk), smoking status (current, former/never), supplement use (yes, no), race (black, white, Hispanic, other), education (<high school graduate, high school graduate, some college, college graduate), annual income (<$20,000, $20,000-$49,999, !$50,000), and percentage of meals eaten at home (<75, 75-94, >94). Abbreviation: METs, metabolic equivalents. a SE (all values in parentheses).
b R 2 and multiple R 2 are adjusted for within-subject error in the biomarker.
designed feeding studies collecting multiple biomarker measurements per participants from different populations are needed to further explore the biomarker's characteristics and "behavior" and to confirm that the calibration parameters quantified from the original feeding study are stable and indeed applicable in different populations. In summary, none of the self-report instruments provided a good estimate of sugars intake, although overall 24HRs seemed to perform the best. While 4DFR was comparable to multiple 24HRs in measuring absolute sugars, its performance did not improve with energy adjustment. Lower performance of the 4DFR compared with the 24HR and FFQ with regard to sugars density is surprising, given its administration most closely corresponded with the time frame of biomarker collection (i.e., within 2 weeks), whereas the 24HRs were administered a month apart starting 1 to 3 weeks after the biomarker assessment, and the FFQ, inquiring about usual diet over the preceding 3 months, was completed 2 weeks before biomarker collection.
Assuming that the calibrated sugars biomarker provides unbiased estimate of total sugars, this analysis suggests that measuring the biomarker in a subsample of the study population for calibration purposes may be necessary for obtaining unbiased risk estimates and reliable 95% CIs in disease association studies. Accordingly, the regression calibration equation for the FFQ developed here can be used in future WHI analyses to calibrate FFQ sugars intake and examine its associations with cancer and other disease outcomes.
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